Understanding the effect of water saturation on dynamic failure of rocks is of great importance to tunnel excavation at water-rich coal mines and prevention of rock bursts by water injection. Dynamic Brazilian disc tests are performed to study mechanical behaviour of sandstones in this paper. e results indicate that water saturation significantly weakens the dynamic tensile strength of sandstones and increases the specimen strain at which the specimen fails. e damage degree of sandstones reduces gradually with increasing water contents. Failure of the sandstone specimen includes the crack initiation at the center of the specimen, macroscopic crack propagation, and stretch of the macroscopic crack through the specimen. In addition, parallel macroscopic crack propagation is found in the specimen with a low water content. From the observation of fracture sections, microstructures are compact in the specimen with high water contents. is is due to the swell of the kaolinite in the specimen after water saturation. e failure mechanism of microstructures is typical brittle failure in the specimen with a high water content, whereas ductile fracture is found in the specimen with a low water content. Different failure processes of microstructures lead to the differences between mechanical properties and macroscopic failure characteristics of the specimens with various water contents.
Introduction
Mechanical properties of coal and rock masses in underground coal mining are affected by many factors, such as water. For some water-rich deep tunnels, water contents of surrounding rock masses are relatively high. Part of the surrounding rock masses are even fully saturated [1] . Mechanical and physical properties of coal and rocks change remarkably in states of high water contents due to the existence of hydrophilic substances in these materials.
is effect weakens the stability of surrounding rock masses and poses a challenge to tunnel support [2] [3] [4] . Besides geotechnical conditions, properties of coal and rock masses can also be influenced by tunnel excavation and coal mining that impose shock waves to the coal and rock masses with high strain rates [5, 6] . e coal and rock masses under this condition exhibit totally different mechanical behaviour from that under dynamic loading. Understanding mechanical behaviour of coal and rock masses under the combined effects of high water contents and high strain rates is the prerequisite for controlling stability of surrounding rock masses of water-rich deep tunnels and parameter design of rock breaking by blasting or mechanical methods. Coal and rocks are more likely to fail in tension (compared with failure in compression). Disclosing mechanical characteristics of coal and rock materials under tension is of great importance for field applications. e investigation of this issue is also significant to prevention of dynamic hazards at coal mines by approaches, such as water injection [7] .
Stability of geotechnical structures in the natural environment is sensitive to water, such as landslide caused by rainstorm [8] and collapse of underground space resulting from groundwater influx [9, 10] . Change of mechanical and physical properties of rocks under the effect of water (besides the dynamic effect of water) is the main cause of structure instability. Water saturation influences physical characteristics of rocks, such as increasing longitudinal wave velocities of rocks [11] , swelling clay materials [12] , and enhancing thermal conductivity of rocks, leading to variation of mechanical properties of rocks [13] . Erguler and Ulusay [14] found that uniaxial compressive strength (UCS), elastic moduli, and tensile moduli of clay rocks decrease notably as water content increases. Tang [15] noted that Poisson's ratio of the rock increases with a higher water content. Liu and Zhang [16] pointed out that water saturation decreases frictional angles of rock and soil and their cohesion changes nonmonotonously, following a Gaussian function. e variation of the internal structures due to water saturation is the root of the change of the mechanical and physical properties of rocks [17] . e rock is a heterogeneous, anisotropic, composite, and brittle material. Its tensile strength is much lower than the compressive strength. erefore, failure of coal and rock masses in deep underground coal mining mainly depends on the tensile properties of the materials [18] . Reasonable specimen loading methods are the key to accurate measurement of tensile properties of rocks. Under static loading conditions, tension tests can be realized directly transforming the shape of the specimen, changing the size of the specimen, and utilizing special loading systems [19, 20] . However, for dynamic loading tests, it is difficult to apply the loading directly to the specimen. At present, performing Brazilian disc tests (an indirect tensile loading method) in split Hopkinson pressure bar (SHPB) systems is the most commonly used approach to studying dynamic tensile properties of rocks [21, 22] . Previous findings indicate that tensile strength of rocks increases with higher loading rates [23] . Recently, understanding dynamic tensile properties of rocks under special conditions has aroused great concerns, such as rocks after heat treatment, rocks eroded by chemical substances, and rocks cyclic loading and unloading. is also includes investigating dynamic tensile properties of rocks with different water contents [24] [25] [26] [27] [28] . Zhou et al. [29] carried out Brazilian disc tests on saturated sandstones with the SHPB system and concluded that tensile strength of the sandstone specimen decreases with a higher water content. Nevertheless, more efforts are still needed to disclose how water saturation influences tensile properties of rocks under dynamic loading conditions.
In this paper, Brazilian disc tests on sandstone specimens with different water contents are performed in the SHPB system with the purpose of understanding the effects of water saturation on dynamic tensile failure of the sandstone specimens. In addition, the scanning electron microscope (SEM) system is used to investigate the effect of water saturation on microstructure failure of sandstone specimens. e failure mechanism of sandstone specimens under dynamic tensile loading is studied.
Experimental Design and Procedures

Specimen Preparation and Experiment Scheme.
e specimens in this study are collected from the roof stratum (sandstone) at the working face (about 1000 m in depth) at Jiahe Mine, China. e main composition of the specimen includes quartz (10.8%), kaolinite (11.6%), potash feldspar (4.5%), and anorthite (73.0%). A grinder is used to flatten the surface of each specimen end. e specimen has dimensions of 50 mm (in diameter) × 25 mm (in height) with a disc shape. e experiment includes two main procedures: (1) prepare specimens with different water contents and (2) perform dynamic Brazilian disc tests in the SHPB system to study the effects of water saturation on the tensile characteristics of sandstone specimens at high strain rates. e specimens are classified into four to five categories based on their water contents (included specimens that are fully saturated). Twenty specimens are prepared for each category.
Water Content Control.
e method of controlling the water content of each specimen includes the following three procedures and is based on the International Society of Rock Mechanics (ISRM) standard: (1) completely dry the specimen, (2) saturate the specimen, and (3) dry the specimen to a specific water content.
An electrothermal constant-temperature drying oven (DHG9076 type) is used in the drying procedure ( Figure 1(a) ). First, the specimens are placed into the drying oven at a temperature of 108°C for 24 hours. en, the specimens are taken out to measure their weight every 1 hour (the drying procedure is considered to be complete if the difference between the weight measured in two consecutive operations is less than 0.01 g). Finally, the specimens are cooled to room temperature and the weight of each specimen is measured (m d ).
Many methods of specimen saturation were used in previous studies. e vacuum pumping method is used in this study to saturate the specimens. A negative pressure vacuum pumping system is used ( Figure 2 ). First, the specimens are placed into a sealed tank to be pumped in vacuum at a pressure of − 0.09 MPa for 6 hours. en, water is injected into the sealed tank until all the specimens are submerged. Finally, the specimens are pumped in vacuum at a pressure of − 0.09 MPa for another 6 hours. Numerous bubbles overflow from the specimen surfaces at the early stage of saturation. e pressure inside of the sealed tank is set to atmospheric pressure once no bubble overflows from the specimen surfaces, and the specimens are kept in the sealed tank for 6 hours. After that, the specimens are weighted every 1 hour. e specimen is considered to be fully saturated (m p ) if the difference between the weight measured in two consecutive operations is less than 0.01 g. e fully saturated specimens are again placed into the drying oven at a temperature of 50°C. e specimens are weighted every 10 minutes. e weight of each specimen in each operation is measured (m h ) to calculate the water content of the specimen. Five categories of water contents 2
Shock and Vibration are determined, including ω 1 � 0.31%, ω 2 � 0.54%, ω 3 � 0.71%, ω 4 � 0.93%, and ω 5 � 1.09% (fully saturated).
Dynamic Loading Test and Waveform.
e dynamic Brazilian disc tests on sandstone specimens with different water contents in the SHPB system ( Figure 2 ). Each test includes the following procedures: (1) clamp the specimen between the incident bar and the transmission bar, (2) pump high-pressure nitrogen into the incident bar to a given pressure magnitude, and (3) the striker is pushed by the high-pressure nitrogen to hit the incident bar in order to induce the stress wave loading. e stress wave propagates from the incident bar to the specimen and undergoes several times of reflection and refraction inside of the specimen until the specimen fails. e strain signals in the incident bar and the transmission bar in each test are collected by a dynamic strain collection system. e failure processes of the specimen are recorded by using a highspeed camera. Figures 3(a) and 3(b) show the waveform and the validation of the uniform stress assumption in the dynamic Brazilian disc test on the saturated sandstone specimen, respectively. e incident wave is almost a halfsine wave, and no obvious lateral oscillation is found (Figure 3(a) ). e reflected wave has a similar shape to that of the incident wave. e amplitude of the transmitted wave is much lower than that of the incident wave and the reflected wave (Figure 3(a) ). e superimposition of the waveforms of the incident wave and the reflected wave is close to the waveform of the refraction wave ( Figure 3(b) ). Hence, the uniform stress assumption in the SHPB test is valid.
Numerous tests are performed on specimens with a given water content under an impact pressure ranging from 0.25 MPa to 0.35 MPa. is is to investigate how the mechanical characteristics of the specimens change against the water content at the same strain rate. Four strain rate conditions are determined ( Table 1 ). e mean value (_ ε) of the strain rates (_ ε) in each test scenario (i.e., in which the tests have similar strain rates) is considered as the representative strain rate in the corresponding test scenario (e.g., tests ω 1-1 , ω 1-1 , ω 1-1 , ω 1-1 , and ω 1-1 in Table 1 have a representative strain rate of 53.04).
Effect of Water Saturation on Mechanical Characteristics of Specimens in Dynamic Brazilian Disc Tests
Stress-Strain Curves of Sandstone Specimen in Dynamic Brazilian Disc Tests
(1) Determination of Stress and Strain. It is difficult to directly determine the stress-strain curve of the specimen from the dynamic Brazilian disc test. An 
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indirect method is used to derive the stress-strain relationship, using the tensile stress at the center of the specimen and the axial deformation of the specimen. e tensile stress at the center of the specimen is calculated by using equation (1) based on the method used in the static Brazilian disc test:
where σ(t) is the stress at the center of the specimen, P 1 (t) and P 2 (t) are the loading forces applying to the specimen ends, D is the specimen diameter (50 mm), and B is the specimen thickness (25 mm). Equation (2) is used to calculate P 1 (t) and P 2 (t) based on the elastic wave theory:
where A is the diameter of the incident bar, E B is the elastic modulus of the incident bar, and ε i (t), ε r (t), and ε t (t) are the strain signals of the incident wave, reflected wave, and transmitted wave in the incident bar, respectively. Based on the uniform stress assumption, the following equation is derived:
Substitute equation (3) into equation (2):
e tensile stress at the center of the specimen at a given time can be estimated if equation (4) is substituted into equation (1) . e change of the specimen diameter in the loading direction (δ D ) can be calculated by the three-wave method. e axial relative strain of the specimen in the loading direction (ε D )can be calculated by using the following equation: Finally, the stress-strain relationship of the sandstone specimen in the dynamic Brazilian disc test can be obtained based on equations (1) and (5). (2) Characteristics of Stress-Strain Curves.
e stressstrain curves of sandstone specimens with different water contents in the dynamic Brazilian disc tests at various strain rates are presented in Figure 4 . For a given strain rate, the stress-strain curves of the specimens with different water contents are similar to each other. e tensile failure processes can be divided into four stages, including compaction, linear elastic deformation, nonlinear plastic deformation (due to microcrack propagation), and the postfailure stage. For a given strain rate, the compaction stage becomes more obvious and the relative strain increases with the increasing water content. e reason is that the water weakens the kaolinite in the specimen, which enhances the compressibility between the kaolinite grains.
e slope of the stress-strain curve in the elastic deformation stage decreases with an increasing water content. In addition, water saturation influences other mechanical properties of the sandstone specimens, such as the tensile strength (σ ωt ) and the strain at which the specimen fails (ε Dt ).
Variation of Dynamic Tensile Strength of Sandstone
Specimens.
e tensile strength of all the sandstone specimens is listed in Table 2 . e tensile strength of the specimens with different water contents at a given strain rate is compared in Figure 5 . For a given strain rate, the tensile strength of the 39%) , respectively, if the water content increases from 0.31% to 1.09%. e water in the specimen leads to the swelling and weakening of kaolinite composition. is reduces the frictional force between particles and weakens the deformability of the specimen. e relationship between the tensile strength and the water content can be described by using the following equation based on the results in Figure 5 , using liner fitting:
where k is the slope in the linear fitting and σ 0t is the intercept (which equals to the tensile strength of the specimen in a completely dry condition). e regression coefficients in equation (6) (i.e., k and σ 0t ) at different strain rates are given in Table 3 . e absolute value of k increases gradually with an increasing strain rate.
is suggests that the tensile strength of the specimen becomes more sensitive to the water content as the strain rate increases.
Effect of Different Water Contents on Dynamic Tensile Failure of Specimens
Dynamic Tensile Failure Processes of Specimens.
A highspeed camera (Phantom v611 type) is used to record the dynamic tensile failure processes of the sandstone specimens. e initiation and propagation of macroscopic cracks at different loading time are studied. Figures 6 and 7 provide the dynamic failure processes of the sandstone specimens at a strain rate of 89.04 s − 1 with water contents of 0.31% and 1.09%, respectively. e failure processes of the specimen with a water content of 0.31% included ( Figure 6 ) crack initiation at the center of the specimen (t � 55 μs), macroscopic crack propagation; development of parallel cracks (t � 165 μs), macroscopic cracks stretch through the specimen (t � 275 μs), and specimen failure (t � 605 μs). e failure processes of the specimen with a water content of 1.09% included (Figure 7 ) crack initiation at the center of the specimen (t � 55 μs), quick macroscopic crack propagation, formation of stress concentration areas around the loading ends (t � 275 μs), macroscopic cracks stretch through the specimen (t � 440 μs), and specimen failure (t � 605 μs).
Failure Processes of Specimens with Different Water
Contents.
e similarities of the failure processes of the specimens with different water contents (0.31% and 1.09%) in Figures 6 and 7 are summarized as follows. Crack initiation occurs at the center of the specimen, and the macroscopic cracks propagate along the loading direction. In addition, obvious stress concentration areas are found around the loading ends. All of these similarities are related to the stress distribution in the specimen.
Two main differences exist in the failure processes in Figures 6 and 7 . e macroscopic crack propagates and stretches through the specimen, leading to the failure of the specimen with a higher water content (1.09%), whereas parallel macroscopic cracks develop and propagate in the specimen with a lower water content (0.31%), resulting in the ultimate failure of the specimen. e reason is that the hydrophilic Shock and Vibration substances in the sandstone, such as the kaolinite, dehydrate when the water content is relatively low (0.31%). is leads to the formation of numerous microcracks between the particles. Hence, multiple macroscopic cracks develop and propagate in the loading process. On the contrary, the hydrophilic substances absorb water and swell in the specimen with a relatively high water content (1.09%). Less microcracks contribute to the formation of macroscopic cracks if the specimen is loaded at a higher strain rate. Besides, the shapes of the fragments of the two ruptured specimens are clearly different. is is due to the different forms of macroscopic crack propagation in these two specimens.
Failure Characteristics of Specimens with Different Water
e fragments of all the specimens are presented in Figures 8, 9, 10, and 11 . For a given strain rate, the amount of the fragments reduces gradually if the specimen has higher water contents. When a specimen with a relatively low water content ruptures, some small spalls are found besides a large fragment with a semicircle cross section (the volume of which is about half of the specimen). e amount of the small spalls decreases once the water content increases to 1.09%. e fragments of the ruptured specimen are consistent with that in the static Brazilian disc test, which include two similar large fragments with semicircular cross sections.
A classifying screen is used to categorize the fragments based their grain sizes. Seven categories are determined according to the range of the grain size, including 0 to 2.5 mm, 2. smallest size (0 to 2.5 mm) is numbered 1 and the largest size (20.0 to 50.0 mm) is numbered 7). e damage degree of the specimen is evaluated by using the following equation: where δ is the average grain size of the ruptured specimen, i is the category number, m iv is the ratio of the weight of the ith category fragments to the overall weight of the fragments, and d iv is the average grain size in the ith category (the average of the largest grain size and the smallest grain size in the ith category). Table 4 lists the average grain sizes (calculated by using equation (7)) of all the specimens. Figure 12 shows the change of the average grain size against the water content at various strain rates. For a given strain rate, the average grain size increases gradually in a linear tendency with an increasing water content. is suggests that the damage degree of the sandstone specimen also decreases gradually. e average grain sizes at different strain rates increase by 30.73% (_ ε � 53.04 s − 1 ), 35.81% (_ ε � 73.16 s − 1 ), 38.02% (_ ε � 89.04 s − 1 ), and 44.24% (_ ε �104.87 s − 1 ), respectively, when the water content increases from 0.31% to 1.09%. e slopes of the linear fitting lines in Figure 12 (reflecting the relationship between the average grain size and the water content) are close to each other. is indicates that the strain rate has limited influence on the change of the average grain size against the water content.
Dynamic Failure of Microstructures in Sandstone Specimens with Different
Water Contents e SEM system (TESCAN VEGA3 type) is used to observe the fracture sections of sandstone specimens with different water contents. e fracture sections in Figure 13 are mechanically cut from the intact specimens (that are not loaded by the SPHB system). e fracture sections in Figure 14 are obtained from the specimens with different water contents loaded at a strain rate of 89.04 s − 1 . e fracture sections in Figure 13 show that a certain amount of microcracks and pores exists in the specimens that are completely dry or have relatively low water contents. Microstructures become compact as the water content increases. No visible defect is found once the specimen is fully saturated. e reasons for the differences observed in Figure 13 are discussed as follows. e water in the specimen evaporates in the drying process. e clay materials, such as the kaolinite, dehydrate and shrink, leading to the fracture of the bonded materials between the particles and the formation of microcracks and pores. e clay materials absorb water and swell once the water content increases and completely fill the defects formed in the drying process. Figure 14 provides the fracture sections of the specimens with different water contents loaded at a high strain rate (89.04 s − 1 ) at two magnifications (50 times and 2000 times).
e fracture sections observed at a magnification of 50 look rough, and numerous convex particles are found. With the increase of the water content, the fracture sections become flat and the convex particles gradually disappear. e fracture sections observed at a magnification of 2000 notably differ from each other. Visible dimples and slip separation are found in the specimens with relatively low water contents (ω � 0.31% and 0.54%), whereas intergranular cracks, cleavage steps, and single grains are observed in the 
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Shock and Vibration specimens with relatively high water contents (ω � 0.71%, 0.93%, and 1.09%). e specimens with relatively high water contents contain more microcracks and pores (compared with that with relatively low water contents), and hence, more defects contribute to the failure of the specimens. is leads to smaller average grain sizes of the specimens and more serious macroscopic damage. Moreover, the fracture sections become more complex and uneven. e dehydration and shrinkage of the clay materials result in more frictional resistance to specimen failure.
is leads to a higher macroscopic load-bearing ability of the specimen and more serious specimen damage. Meanwhile, the friction between the particles induces more plastic deformation in the specimen. Hence, ductile fracture is found in the fracture sections. When the specimens with relatively high water contents are loaded at high strain rates, the propagation of the microcracks is fast and leads to the failure of the specimens. In this case, the fracture sections are more flat and the failure of the microstructures is mainly the brittle fracture that consumes less energy.
Conclusions
Dynamic Brazilian disc tests are performed on sandstone specimens with different water contents in the split Hopkinson pressure bar system in this paper. e failure processes and microstructure failure in the sandstone specimens with different water contents are observed by using a highspeed camera and the scanning electron microscope system, respectively. e results of dynamic Brazilian disc tests show that, under a given strain rate, both the specimen strain at which the compaction stage ends and the specimen strain at which the specimen fails increase with a higher water content, whereas the tensile strength reduces in a linear tendency as the water content increases. Meanwhile, the tensile strength of the specimen becomes more sensitive to the water content at a higher strain rate. Dynamic failure process shows that specimens with different water content have to undergo three stages: crack initiation at the center of the specimen; macroscopic crack propagation; and finally, the stretch of macroscopic crack through the specimen. In the specimen with a low water content, parallel macroscopic cracks form and propagate, leading to more complex failure processes of the specimen, but in specimens with the high water content, it is opposite, obvious stress concentration areas are observed around the loading ends. e characteristics of the fragments after the specimen ruptures are studied, and the degree of damage of sandstone specimens at the same loading rate decreases with the increase of water content, which shows that the average particle size linearly decreases rapidly with the increase of water content. At last, the intrinsic mechanism of different water contents on the tensile strength of sandstone was revealed by scanning electron microscopy. If the specimen has a relatively high water content, the microstructures become compact as internal kaolin and other components absorb water and swell, and this also causes the failure mode at high strain rate to change from ductile failure to typical brittle failure.
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